Introduction
Mutation of the von Hippel-Lindau (VHL) tumor suppressor gene is responsible for VHL disease, a syndrome that includes hereditary renal cell carcinoma (RCC), hemangioblastomas of the cerebellum and spine, retinal angiomas, pheochromocytomas, epididymal cystadenomas, endolymphatic sac tumors, pancreatic adenomas and islet cell tumors. Mutations in the VHL gene are also found in most sporadic clearcell RCCs. As pVHL has no homology to other known proteins, investigators interested in discerning its function have identi®ed and investigated numerous pVHL-associated proteins, such as Elongin B, Elongin C, Cullin 2 (Cul2) and Rbx1, which form a complex (VCB-CUL2) that is believed to play a role in ubiquitination of cellular proteins (for review see Ivan and Kaelin, 2001) .
Analysis of the phenotypes of VHL-related tumors, including their extensive vascularization, prompted investigators to propose the existence of dierences in the expression of critical tumor-associated genes (Gnarra et al., 1996; Iliopoulos et al., 1996; Ivan and Kaelin, 2001 ). Accordingly, RCCs were found to express high levels of the vascular endothelial growth factor (VEGF), and other hypoxia-inducible genes, such as PDGF-B and the glucose transporter Glut-1 (Sato et al., 1994; Wizigmann-Voos et al., 1995; Iliopoulos et al., 1996) . Additional genes whose expression is abnormally elevated in cells lacking functional VHL include carbonic anhydrases 9 (CA9) and 12 (CA12), the plasminogen activator inhibitor (PAI)-1, and TGF-a (reviewed in Ivan and Kaelin, 2001) . pVHL has been proposed to aect gene expression by multiple mechanisms. First, it was postulated that VHL in¯uenced transcriptional elongation, presumably through an inhibitory association with elongin/SIII-containing complexes (Duan et al., 1995) . Evidence for this function was subsequently presented for the tyrosine hydroxylase gene (Kroll et al., 1999) . A second level of gene regulation is proposed to occur through the association of pVHL with transcription factors such as Sp1 (Mukhopadhyay et al., 1997) . Third, VHL is thought to in¯uence the process of mRNA turnover, as shown most notably for the VEGF mRNA (Gnarra et al., 1996; Iliopoulos et al., 1996) . In this case, a tentative model for pVHL action would predict that VCB-CUL2 complexes may regulate the stability (or function) of RNA-binding proteins that target for degradation AU-rich sequences within the 3' untranslated regions of mRNAs encoding VEGF, Glut-1 and other genes. A fourth level of gene expression control is purportedly conferred through pVHL-mediated degradation of target proteins which themselves regulate the transcription of subsets of genes. This function is nicely exempli®ed in VHLmediated degradation of HIF (hypoxia-inducible factor) under normoxic conditions. HIF, which is constitutively elevated in VHL-de®cient cells, binds to hypoxia-response elements (HREs) and dictates the transcription of hypoxia-regulated genes (Maxwell et al., 1999; Ohh et al., 2000) .
Despite the multiple and complex regulatory mechanisms whereby VHL aects gene expression, they all converge in in¯uencing the pool of steady-state mRNAs present in the cell. We thus chose to examine VHL-modulated gene expression by undertaking the systematic, unbiased method SAGE to investigate gene expression pro®les in pairs of cell lines with dierent VHL status. Here, we compare gene expression pro®les between cells lacking functional VHL (parental cells) and those that constitutively express wild-type VHL (wtVHL cells) through stable transfection. The observation that VHL regulates the expression of several genes involved in TNFa signaling led us to examine TNFa-mediated cytotoxicity in cells with dierent VHL status. Cells lacking functional VHL were found to be remarkably more resistant to TNFa-mediated killing than did cells where wtVHL expression was restored. Our results suggest that VHL-engendered sensitivity to the cytotoxic in¯uence of TNFa may contribute to VHL's tumor suppressive function.
Furthermore, these ®ndings illustrate the power of global gene expression approaches at identifying mechanisms of cancer cell death and survival.
Results

Construction and analysis of SAGE libraries from RCC cells with different VHL status
Four dierent SAGE libraries were constructed and sequenced, two from each pair of the RCC lines 786 ± 0 and UMRC6. Each pair was composed of one cell line with null VHL status (parental) and one expressing wild-type VHL (wtVHL) (described in Gorospe et al., 1999) . Cultures were exponentially growing, with a density at the time of collection of approximately 60 ± 70%. The 786 ± 0 wtVHL library yielded a total of 11 807 tags, encoding 6098 genes (1513 of which were at the 52-tag level), the 786 ± 0 parental library yielded 9989 tags, encoding 5076 genes (1343 at the 52-tag level), the UMRC6 wtVHL cell line 10 721 tags, encoding 5733 genes (1280 at the 52-tag level), and the UMRC6 parental cell line 9782 tags, encoding 6025 genes (1176 at the 52-tag level). Among the tags that were in 52 abundance in each library, between 41 and 69 could not be matched to speci®c genes. The complete gene expression pro®les are available from the authors.
Comparisons of global gene expression between RCC cell pairs with different VHL status Despite VHL's profound in¯uence on tumor development, comparison of gene expression pro®les between cells with dierent VHL status was predicted to reveal dierences in only a small number of genes, with the great majority of genes remaining unchanged. Global gene expression pro®les were compared using scatter plots and by calculating Pearson correlation coecients ( Figure 1 ). As shown, comparison of each pair of parental and wtVHL cells revealed the highest Pearson coecients (the strongest relationships): 0.86 and 0.77 for 786 ± 0 and UMRC6, respectively. The fact that UMRC6 parental cells were not transfected with an`empty' vector may account for the lower Pearson coecient of the UMRC6 pair and for other potential dierences seen in the UMRC6 lines. By contrast, low Pearson coecients were observed when comparing UMRC6 parental with 786 ± 0 parental cells (0.6), or UMRC6 wtVHL with 786 ± 0 wtVHL cells (0.59). These dierences illustrate the divergence that exists between RCC cells, even though they share a common tissue of origin and a common genetic aberration leading to tumorigenesis. We thus set out to examine more than one pair of VHL-de®cient andpro®cient RCC lines in order to gain relevant knowledge of the genes whose expression is truly in¯uenced by VHL. Table 1 lists genes that were signi®cantly upregulated in parental UMRC6 and in parental 786 ± 0. A similar compilation of wtVHL-upregulated genes (overexpressed in both wtVHL 786 ± 0 and in wtVHL UMRC6) is shown in Table 2 . In this analysis, signi®cance is de®ned as meeting the statistical criterion (P=0.05) speci®ed in Materials and methods. In addition, a small number of genes were included based on their substantial upregulation in both cell lines, even though they did not make the statistical cut-o. Unlike other SAGE comparisons employing samples of more disparate origin (Hough et al., 2000) , assessment of each parental and wtVHL libraries revealed relatively small dierences in the expression of speci®c genes. In general, the genes that were dierentially expressed between pairs of cell lines were only upregulated or downregulated by several-fold (typically lower than 10). However, these fold changes in gene expression likely represent underestimations of the Tags more highly represented in both parental libraries (786 ± 0 parental and UMRC6 parental) after each library was compared with the library from its wtVHL-expressing counterpart (786 ± 0 wtVHL and UMR wtVHL, respectively). Oncogene VHL-dependent SAGE profiles MC Caldwell et al true fold dierences (particularly in instances in which one of the libraries showed no tags for a given gene and was arbitrarily considered to have expressed one such tag in that library). Nevertheless, the moderate gene expression dierences are in keeping with those reported for other VHL-regulated genes: for example, both VEGF and Glut-1 mRNAs are only about 5 ± 10-fold higher in parental cells (Gnarra et al., 1996 , and our unpublished results).
VHL-dependent differential gene expression
To validate the dierential expression of candidate genes identi®ed by SAGE, Northern blot analysis was performed using RNA that was prepared from 786 ± 0 and UMRC6 cells. As shown in Figure 2a , expression of glut-1, eIF5, IEX-1/IEX-1L (both IEX-1 and IEX-1L share the same SAGE tag), and ATF4, was markedly reduced in wtVHL-expressing cells; similarly, IF1-8U expression was higher in wtVHL-expressing cells, in agreement with results from our SAGE data. Additional con®rmation by Western blotting was carried out with selected genes; caveolin is shown as an example (Figure 2b ). The veracity of the moderate dierences in mRNA levels were further corroborated by real-time RT ± PCR analysis. The fold dierences in mRNA levels calculated by real-time RT ± PCR showed remarkable agreement with those estimated from the SAGE results (compare Figure 2c with Tables 1 and 2 ).
An important set of experiments con®rming that we had identi®ed bona ®de VHL-regulated genes was carried out using UOK-121 RCC cells. When UOK-121 parental and UOK-121 wtVHL cells were analysed by Northern blotting (Figure 2d ), gene expression dierences were comparable to those observed in 786 ± 0 and UMRC6 cells. Expression of pVHL in the three pairs of RCC lines is shown (Figure 2e ). These data provide further validation that VHL truly in¯uences the expression of a subset of genes, regardless of the RCC line investigated.
Differential sensitivity of RCC cells to TNFa cytotoxicity
One major goal of global gene expression analysis of tumor-derived material is to develop rational approaches for therapeutic intervention. Among the genes that were dierentially expressed in RCC cells with dierent VHL status, at least three were identi®ed as genes involved in TNFa-regulated events: IEX-1/IEX-1L and Fas-associated factor 1, which were upregulated in parental cells, and HSP75 (or TRAP-1, TNFa Receptor-Associated Protein-1; Song et al., 1995) , which was upregulated in wtVHL-expressing cells. We thus set out to investigate whether cells with dierent VHL status might be dierentially sensitive to TNFa- , see the legend of Table 1;   8 MM, multipule (42) tag-to-gene matches mediated cytotoxicity. Strikingly, all three RCC lines lacking functional VHL were much more resistant than RCC lines expressing wtVHL (Figure 3 ). In the case of 786 ± 0 cells, the LD(50) was 0.2 ng/ml TNFa for wtVHL cells (this concentration was sucient to cause a 50% reduction in their survival), while 5 ng/ml were required to achieve the same cytotoxicity in parental cells. For UMRC6 cells, the LD(50) was *1 ng/ml TNFa for cells expressing wtVHL, while it was 4 ng/ml TNFa for parental cells. Finally, TNFa LD(50) for UOK-121 parental cells was * 4 ng/ml, while parental UOK-121 cells were extremely resistant, and even 100 ng/ml TNFa was insucient to kill 50% of cells. In summary, all parental cells were remarkably resistant to TNFa-mediated cytotoxicity, exhibiting 25-fold, fourfold and 420-fold (for 786 ± 0, UMRC6 and UOK-121, respectively) greater survival than their counterparts expressing wtVHL. Expression of wtVHL thus appears to confer sensitivity towards the cytotoxic eects of TNFa.
Discussion
The high incidence of RCC has prompted a number of initiatives to assess global gene expression changes, including dierential display and cDNA array analysis, that have led to the identi®cation of genes potentially involved in kidney cancer (Moch et al., 1999; Rae et al., 2000) . While mutations in the VHL gene have long been recognized to play a role in the development of both sporadic and hereditary RCC, only limited global eorts to identify VHL-dependent gene expression have been carried out to-date (Wyko et al., 2000) . In the present study, we investigate how VHL in¯uences gene expression by constructing and analysing pairs of SAGE libraries from RCC cells with dierent VHL status. Two such libraries were derived from cells lacking functional VHL (parental UMRC6 and 786 ± 0), two from transfected, wild-type VHL-expressing counterparts (wtVHL UMRC6 and 786 ± 0). Despite their common origin, 786 ± 0 and UMRC6 cells shared relatively little similarity in their global gene expression (Figure 1) , further underscoring the appropriateness of including libraries from several RCC lines in this study. As expected, however, parental and wtVHL-expressing cells within each cell line were highly similar with respect to their gene expression pro®les, and showed only moderate changes in the levels of dierentially expressed genes. The genes that were consistently upregulated in both parental cell types, as well as those that were upregulated in both wtVHL-expressing cells were listed (Table 1) , and a representative subset of genes was validated. Importantly, we were able to extend the validation of these dierences in gene expression to a third, unrelated pair of VHL-null and -expressing RCC cells (UOK-121) (Figure 2d) .
It was reassuring to discover genes such as Glut-1 among those dierentially expressed in our SAGE libraries, since their expression levels were previously shown to be VHL-dependent (Iliopoulos et al., 1996) . By contrast, VEGF was conspicuously absent from our SAGE databases. Indeed, we did not ®nd a single tag for the VEGF mRNA among our four libraries.
Since VEGF transcripts were readily detectable on Northern blots using these cell lines (Figure 2) , we speculate that perhaps the VEGF mRNA readily loses its poly(A) tail and is thus excluded from analysis by the SAGE methodology. While we have not formally examined this possibility, an unstable poly(A) might be expected on a transcript such as that encoding VEGF, subject to rapid turnover. Furthermore, analysis of other SAGE libraries reported in the NCBI SAGE database reveals a very low abundance of VEGF tags, with only *4 VEGF tags reported per 100 000 tags (http://www.ncbi.nlm.nih.gov/SAGE/SAGEtag.cgi). Thus, VEGF is likely to be below the detection level in our libraries. The majority of genes listed in Tables 1 and 2 however, are novel putative VHL-regulated genes. Among the dierentially expressed genes, we found several structural genes (including actin-related protein 2/3 complex, subunit 1A, tropomyosin, lamin A/C, myosin-regulatory light chain), transcription factors (such as tax4/ATF4 and prolactin regulatory elementbinding protein), and other genes of great potential impact on cellular physiology (for example glutathione peroxidase 1 and the Ras oncogene family member RAP1B). However, we did not identify many of the genes upregulated by HIF (Semenza, 2000) , despite the fact that loss of VHL function results in oxygenindependent stabilization of HIF and subsequent activation of hypoxia-inducible genes (Maxwell et al., 1999; Ohh et al., 2000) . Indeed, our results are consistent with the notion that the tumor suppressor function of pVHL is not limited to regulating HIF.
The identi®cation of several dierentially expressed genes that were directly associated with TNFa function or signaling caught our attention. IEX-1/IEX-1L, an NF-kB-regulated, growth-associated early-response gene also known as p22 and PRG1, has been implicated in TNFa-regulated cell proliferation and Figure 3 Cytotoxicity assays. 786 ± 0, UMRC6 and UOK-121 cells were treated with increasing amounts of TNFa (in the presence of 1, 10 and 100 mg/ml cycloheximide, respectively) for 20 h, whereupon surviving cell fractions were assessed using crystal violet as described in the Materials and methods section. LD(50) values are the doses that cause a 50% reduction (dotted lines) in cell survival apoptosis; IEX-1L expression (from unspliced IEX-1 RNA) has been linked to enhanced survival following TNFa treatment, although some controversy exists regarding whether or not it is actually expressed in cells (Wu et al., 1998; Arlt et al., 2001) . The HSP75 chaperone is found in association with the TNFa receptor (hence its alternative name TRAP-1: TNFa Receptor-Associated Protein-1), although its precise in¯uence on signaling through the TNFa receptor is not understood. FAF1 was identi®ed as a protein interacting with Fas, a member of the TNF-receptor family that appears to be primarily involved in apoptosis; intriguingly, FAF1 expression appears to enhance TNFa-mediated cell killing (Chu et al., 1995) , even though parental cells, where FAF1 is upregulated, are actually more resistant to TNFa cytotoxicity. The discovery of this group of VHL-regulated genes led us to further examine possible dierences in TNFa sensitivity among cells with dierent VHL status, even though we lacked a direct causal connection between sensitivity to TNFa and the dierential expression of genes related to TNF-a function. Nevertheless, such analysis revealed remarkable dierences in TNFa cytotoxicity: cells lacking VHL were extremely resistant to TNFa-mediated cellular death, while VHL-expressing cells demonstrated great susceptibility to the cytokine's toxic eect (Figure 3) .
Regarding the sensitivity to TNFa, our SAGE data reveals additional genes of interest. For example, glutathione peroxidase-1 upregulation may also directly contribute to the enhanced protection of parental cells, as overexpression of antioxidant genes, and glutathione peroxidase in particular, has been found to protect towards the toxicity of certain cytokines, including TNFa (Moutet et al., 1998) . Two additional parentalupregulated genes that may in¯uence the cellular response to TNFa are VEGF, which has been found to protect cells towards the cytotoxic eects of TNFa (Spyridopoulos et al., 1997) , and caveolin-1, which forms a complex with TRAF2 that is recruited to tumor necrosis factor receptors (Feng et al., 2001) . The apparent redundancy of means through which VHL modulates the sensitivity of RCC cells to TNFa is intriguing. It may, for example, highlight a potential role for TNFa within the tumor suppressive functions of VHL and, as such, the cell may have devised multiple mechanisms to ensure the TNFa response is elicited. Alternatively, it may underscore a role for VHL in coordinating the expression of several genes that are functionally linked. These possibilities require further testing.
Experiments are underway to address the potential in¯uence of the genes identi®ed by SAGE towards modulating the tumor suppressive function of VHL. Of particular interest is to assess the individual contribution of genes linked to TNFa sensitivity. However, given the many genes found to be potentially involved, we anticipate no single gene to bear full responsibility for the observed TNFa eects, and predict that their combined in¯uence serves to determine the cell's responsiveness to TNFa. Finally, as we seek better comprehension of how TNFa responsiveness may in¯uence the tumor suppressive function of VHL, it is also interesting to note the important role of TNFa in angiogenesis (Fajardo et al., 1992) . Given the extensive vascularization of RCCs and other VHL-associated neoplasias, as well as our results on TNFa-mediated cytotoxicity reported here, therapeutic strategies aimed at modulating TNFa signaling may prove fruitful in the management of VHL-de®cient tumors.
Materials and methods
Cell culture and TNFa cytotoxicity assay
Matched pairs of the human RCC lines 786 ± 0, UMRC6 and UOK-121 were obtained that either expressed no functional VHL (parental) or expressed a wild-type VHL (wtVHL) allele through stable transfection; both 786 ± 0 parental and UOK-121 parental cells were transfected with corresponding empty vectors and selected accordingly, while UMRC6 parental cells did not carry an empty vector (Gorospe et al., 1999) . All cells were cultured in Dulbecco's modi®ed essential medium (Gibco-BRL) supplemented with 10% fetal bovine serum. Standard TNFa cytotoxicity determinations were carried out using a crystal violet (CV)-based assay (Gorospe and Holbrook, 1996) . Brie¯y, 15 000 ± 30 000 786 ± 0, UMRC6, and UOK-121 cells were seeded in 96-well cluster plates and treated with 1, 10 or 100 mg/ml cycloheximide (CHX), respectively, plus increasing amounts (0.01 to 100 ng/ml) of TNFa (Sigma). Treatments were carried out for 20 h, whereupon surviving cells were ®xed with a solution containing ethanol (10% v/v) and CV (0.02% w/v) and quantitated using a 96-well plate reader after solubilization of CV with acetic acid:methanol (1 : 3). In all experiments (SAGE, Northern blots, Western blots and cytotoxicity assays), cultures were used at subcon¯uence (60 ± 70% density).
SAGE
Total RNA was puri®ed from guanidinium isothiocyanate cell lysates by centrifugation on CsCl. SAGE was performed essentially as described (Velculescu et al., 1995) . DNA was sequenced by the UCLA Genotyping and Sequencing Core Facility and the sequence data analysed by the SAGE software (Velculescu et al., 1995) to quantify tags and identify their corresponding transcripts. Because the dierent libraries had dierent amounts of total tags, normalization to 20 000 was performed to allow for direct comparisons. A tag that is`signi®cantly overexpressed' is one that gives a positive value when the tag counts are entered into the equation below where N 1 and N 2 represent the larger and smaller of the two numbers, respectively, and k is the degree of con®dence: P=0.05 (k=1.96) (Madden et al., 1997) .
The Pearson correlation coecient (r), calculated as shown below, represents the degree of similarity between two libraries. In the equation, x i is the number of tags per 20 000 for tag i in the ®rst library and y i is the number of tags per 20 000 in the second library. For our purposes, n (the number of tags compared) equals 16 460. Northern and Western blot analyses from logarithmically growing cells (60 ± 70% con¯uent) was carried out as previously described (Gorospe and Holbrook, 1996) ; a monoclonal anti-VHL antibody from NeoMarkers (NeoMarkers, Inc., Fremont, CA, USA) was used. PCR-generated fragments for the detection of transcripts shown in Figure 2 were random-primer labeled using a-32 P-dATP. Signals on Northern blots were visualized and quantitated with a PhosphorImager (Molecular Dynamics, Sunnyvale, CA, USA). For real-time RT ± PCR, poly(A) + RNA was reverse transcribed with the BRL cDNA Synthesis System Kit. Primers were designed for each target cDNA to be approximately 300 bp or smaller and, whenever possible, to encompass an intron. PCR was carried out using a Perkin Elmer Geneamp 5700 Sequence Detection System and the Perkin Elmer SYBR Green Reaction mix using the following conditions: 508C, 2 min; 958C, 10 min; 958C, 15 s; repeat last two steps for 40 cycles; 608C, 1 min. Ampli®cation of target genes was normalized to the ampli®cation of GAPDH. Fold inductions were calculated as follows:
Fold Ct GAPDH À Ct target parental cellsa Ct GAPDH À Ct target wtVHL-expressing cells where Ct is the fractional cycle number at which the ampli®cation pro®le crosses a threshold arbitrarily set in the linear range of ampli®cation. PCR products were checked on agarose gels to verify ampli®cation of a single band.
Abbreviations CHX, cycloheximide; RT ± PCR, reverse-transcriptionpolymerase chain reaction; SAGE, serial analysis of gene expression; TNFa, tumor necrosis factor a; VEGF, vascular endothelial growth factor; VHL, von HippelLindau
